Introduction
Magnetoelectric Multiferroics (MFs) are multifunctional materials which display simultaneously ferroelectric and magnetic order, and coupling between these two order parameters, i.e. the polarisation can be manipulated by a magnetic field, and likewise the magnetisation by an electric field. This phenomenon is referred to as the magnetoelectric (ME) effect, and its potential development may have a huge impact on the electronic industry, since they would enable us to develop 4-state logic memories, electrically written magnetic data, new tuneable sensors and transducers, to name but a few. 1, 2 The search for single-phase materials dates back to the 1960s, when doping ferroelectric crystals with magnetic ions was intensively investigated and often showed that ferroelectricity would vanish even without the establishment of magnetic ordering. Nowadays there are more than 20 single-phase MFs, however the coexistence of both ferroic properties is only observed at cryogenic temperatures. Two of the main reasons why a feasible single-phase MF has not
been discovered yet are a) the fact that ferroelectricity, in most ferroelectrics such as BaTiO 3 , depends on the hybridisation of empty d orbitals of Ti with p orbitals of oxygen atoms, whereas magnetism arises from unpaired electrons in the same shells; b) magnetic cations, because of their unpaired electrons, are also relatively good conductors compared to ferroelectrics, therefore because of the increased conductivity it is then it is then impossible to apply large electric fields and ferroelectric properties are lost. 3 The theoretical understanding of these and other reasons moved the attention to composite materials.
In composites, each ferroic property is carried by a separate phase, chosen in order to be ferroelectric and ferromagnetic, respectively. The ferroelectric phase, which it is also piezoelectric can generate a strain that is passed onto a magnetostrictive phase, which in turn develops magnetisation, and vice versa. Basically, the ME effect is a result of the product of the magnetostrictive effect (i.e. a magnetic/mechanical effect) from magnetic phase and the piezoelectric effect (i.e. a mechanical/electrical effect) from the piezoelectric phase, given either as
The two phases can be arranged according to various geometries. Newnham et al 5 introduced a phase connectivity concept to describe the structure of two-phase composites using the following notations:
0-3 for one-phase particles (denoted as 0) embedded in a matrix (denoted as 3), 2-2 for multilayer materials or 1-3 for tubes, pillars and other elongated structures embedded into a matrix. In any case, the ME coupling is achieved via mechanical strain. A good contact between the surfaces of the two phases is therefore essential to transfer the strain and achieve a useful ME effect (> 20 mV cm -1 Oe -1 ). 4 In our previous work, we compared two sol-gel methods and a coprecipitation method to prepare 0-3 composite ceramics of BaTiO 3 (BT) and Y 3 Fe 5 O 12 (YIG) 6 . YIG was chosen in place of CoFe 2 O 4 due to its much higher electrical resistance and the possibility of its use at high frequencies. The results
showed that the coprecipitation method was the most suitable to retain ferroelectricity in the sintered composite. However, issues such as low density and aggregation of YIG persisted: low density is detrimental to ferroelectric properties, and aggregation reduces the interface area between the magnetic and the ferroelectric phase. Therefore, in this study we prepared particulate composites in 0-3 geometry of BT and YIG by solid state reaction method, with the aim of improving density and reducing YIG aggregation, as previously observed by Schileo et al 6 . Moreover, the concentration of YIG is varied to identify the percolation threshold for DC current under an electric field. hours to remove the binder and finally sintered at 1300 ºC for 2 hours. To fabricate electrodes, Pt paste was applied to the faces of the pellets and fired at 700 ºC for 30 min.
Experimental
Purity and phase contents were studied using an X-ray diffractometer in reflection geometry (model: Lattice parameters were calculated using the X'Pert High Score software suite. The sintered composites were ground using SiC paper, polished using 6 and 1 µm-diamond suspension, and then coated with carbon. Raman spectra were obtained in back-scattering geometry using a Raman and YIG. The degree of tetragonality decreases in the composites as compared to pure BT (1.0106), ranging from 1.004 to 1.006 (Table 1 ). An exception to this trend it is observed for the 20 wt% composites, which exhibits the lowest c/a ratio. Also the XRD data for the 30 wt% composites shows asymmetric peaks for both phases. At this stage we can only speculate that this asymmetry can either be an artefact from the measurement or residual strain on the composite. All composites exhibit high relative density, between 96% and 98%, as corroborated by the almost complete absence of porosity, especially for low YIG concentrations. YIG grains range in size from 1 to 2 µm and are also well dispersed within the BT matrix; the formation of significantly large aggregates does not occur until YIG = 40 wt%, where the level of porosity is also slightly larger.
The Raman spectra for YIG and for each composite are shown in Fig. 3 8 for BT shifts towards lower frequencies, which may be indicative of residual strain. Second, SEM images show very dense ceramics, a fundamental prerequisite for an effective ME coupling via strain in multiferroic composites. Back-scattered electron images of the sintered composites failed to reveal evidence of parasitic phases in the observed areas, despite their detection in the XRD experiments.
Third, it is important to note the presence of a peak at 307 cm -1 in the Raman spectra of all composites, which is ascribed to the E(TO+LO) mode (Fig. 3 ): this mode is generally regarded as a "signature" for the presence of ferroelectricity in BT. The Raman spectra of the composites show no evidence of parasitic phases or doping, such as extra modes, for BT. Nevertheless, Nevertheless, the A 1 (TO) (~250 cm -1 ) for BT shifts towards lower frequencies, which may be indicative of residual strain. This is due to the local scale of the Raman probe, compared to the average picture given by XRD. 9, 10, 11 Nevertheless, it is worth to mention that the XRD reflections for 30 wt% composite are asymmetric, which is also consistent with residual strain. .
In theory, the relative permittivity in composites can be estimated from empirical expressions which combine the permittivity of each component phase and their relative concentrations. Hence, considering the relative permittivity of YIG, measured at room temperature and 1 MHz, to be 14, which is in agreement with the literature value (although for single crystal) 15 and the relative permittivity of BT to be 2500 and using the Maxwell Garnett equation 1:
where ε comp is the permittivity of the 0-3 composite, 1 and 2 are volume fractions, and ε 1 and ε 2 are the relative permittivity of each phase. It follows ε comp : 2146, 1823, 1529 and 1259 for 10, 20, 30 and 40 wt%, respectively. These values are higher than the experimental ones shown in Fig. 4 . Instead, using the Lichtenecker equation 16 :
By using the same values for ε 1 and ε 2 we obtain the following results for ε comp , for increasing YIG the Lichtenecker logarithmic expression characterises a specific microgeometry of a composite system only, which cannot be reduced neither to the Maxwell Garnett microgeometry, nor to that of Bruggemann 17 . For example, the Lichtenecker's equation also could explained to some extent the permittivity decay in PZT-ferrite ceramic composites when increasing the ferrite amount, but the best results could be provided by calculations with finite element methods using realistic microstructures 18 .
The high field electrical measurements demonstrate that BT-YIG composites are electrically insulating up to 30 wt% YIG. For 40 wt% YIG instead, the maximum applicable electric field is limited to 15 kV/cm before short-circuit occurs, and it is evident from the shape of the polarisation curve, which appears due to conductivity rather than electrical polarisation. We can therefore conclude that the percolation limit lies between 30 and 40 wt% YIG in BT.
As far as magnetic properties are concerned, the value of saturation magnetisation for composites with In summary, to date YIG-BT based composites have lower ME coefficients that other well-studied all-oxide multiferroic composites, however through improvements on processing, use of other geometries and chemical modifications, the performance of YIG-based composites may be improved to a point that they may afford useful properties for application.
Conclusions
Dense particulate multiferroic composites of ferrimagnetic YIG embedded into a matrix of ferroelectric BT were fabricated from precursors prepared by solid state reaction method. The ferroelectric and ferrimagnetic nature of the initial precursors was preserved in the composites. XRD patterns confirm the presence of YIG and tetragonal BT with little or no parasitic phases. Raman spectroscopy analysis confirms retention of ferroelectricity up to 40 wt% YIG included. Magnetic hysteresis loops also show the typical ferrimagnetic behaviour derived from the YIG parent phase.
Finally, these dense ceramics can be partially poled, after which they exhibit a weak magnetoelectric List of Tables   Table.1 Lattice parameters for BT, YIG and BT-YIG composites (10 wt% ≤ x ≤ 40 wt%) sintered at 1300 ºC for 2 h. 
